We use ultrafast extreme-ultraviolet photoelectron spectroscopy to directly monitor the electron dynamics and the characteristic valence-band photoelectron spectra associated with a hot-electron mediated surface chemical reaction. By adsorbing molecular oxygen onto a Pt͑111͒ surface and exciting it with an ultrafast laser pulse, charge transfer induced changes in the platinum-oxygen bond were observed on femtosecond time scales. By simultaneously monitoring both the hot-electron distribution at the Fermi edge and the valence-band photoemission spectra, it was determined that the thermalization of the hot-electron gas precedes significant changes in the O 2 /Pt bond.
I. INTRODUCTION
The study of ultrafast processes on surfaces has been a topic of increasing interest in recent years. 1 Two considerations motivate this interest. First, ultrafast ͑picosecond and femtosecond͒ times correspond to the fundamental time scale for atomic motion in a surface reaction. 2 And second, progress in the development of ultrafast light sources 3 has recently made possible different types of investigations. These interesting experiments, in conjunction with molecular modeling, 4, 5 have the potential to bring our understanding of surface science to a new level of sophistication, yielding new insights into mechanisms as well as providing important confirmation of current models and simulation. Such a detailed understanding of surface reaction dynamics is especially important to processes such as heterogeneous catalysis, where the interaction between the molecule and the surface itself is fundamental to the process.
Observing a dynamic process on a surface is experimentally challenging. In the case of gas and solution phase chemistry for example, pump-probe transient absorption spectroscopy and numerous more sophisticated techniques have been used to obtain a clear picture of reaction dynamics. 6 Unfortunately, on a surface the very small ͑monolayer͒ sample size makes transient-absorption studies impossible. Nevertheless, past time-resolved surface studies have used a number of techniques such as two-photon photoemission, IR spectroscopy, sum-frequency generation, and resonant Auger spectroscopy to monitor phonon and electron substrate-adsorbate coupling on ultrafast time scales. [7] [8] [9] [10] This work has already yielded different insights; however, current experiments have been very limited in their ability to obtain direct, timeresolved, information on the process most central to surface chemistry: the making and breaking of chemical bonds.
In the case of non-time-resolved studies of surface processes, photoemission spectroscopy has proven to be one of the most useful experimental tools. 11 It is extremely sensitive and inherently surface specific because of the short escape depths of the emitted photoelectrons. In valence-band ultraviolet photoemission ͑UPS͒, photons with energy у10 eV are used to provide direct information on the electrons involved in the chemical bond; for example, the hybridization of the outermost molecular orbitals responsible for the bond. 12, 11 In core-level x-ray photoelectron spectroscopy ͑XPS͒, higher energy soft x rays are used to observe the ''chemical shift'' of a core level. 13 Since these core levels are specific to particular atoms, XPS gives site specific information about atoms in different chemical environments.
Most previous UPS/XPS studies have used x-ray sources incapable of providing time-resolved information. In contrast, time-resolved photoemission studies have been limited by the difficulty of obtaining ultrafast pulses in the UV and x-ray regions of the spectrum. For example, in recent work using two-photon photoemission, Petek et al. observed the motion of a cesium atom on a surface. 8 By exciting the Cs atom to a relatively long-lived (ϭ100 fs) electronically excited state, it was possible to then photoeject this excitedstate electron to observe the atomic motion. However, this experiment used an ultrafast laser source with a photon energy insufficient to eject electrons from the ground state. Since the electronic ground state could not be directly observed, this experiment was limited by the lifetime of the probed excited state in its ability to follow the entire process. Other UV photoemission experiments have studied the dynamics of ''image potential state'' electrons at surfaces, however, here the atomic structure of the surface was static. 14 Recent progress in the generation of ultrafast light pulses at short wavelengths now makes femtosecond resolution UPS/XPS experiments feasible. During the past several years, ultrafast x rays generated through the process of high harmonic generation ͑HHG͒ have been used in both nontime-resolved core-level photoelectron spectroscopy studies, and for observing the decay dynamics of photoexcited electrons at a surface and in thin films. 15 In high harmonic generation, an ultrafast laser pulse focused into an atomic gas generates harmonics of the driving field frequency that extend into the soft x-ray region of the spectrum. The recent development of a phase-matched waveguide geometry for HHG has made it possible to generate fully coherent, highflux (Ͼ10 12 photons/sec), beams of extreme ultraviolet ͑EUV͒ light using a very simple and practical geometry. 16 In past work, we used these advances in EUV sources to perform direct observation of changes in the bonding of a molecule on a surface as result of an ultrafast charge-transfer process. 17 An ultrafast laser pulse at 800 nm was used to irradiate a Pt͑111͒ surface coated with a monolayer of O 2 . After transient heating of the surface by the laser pulse, an ultrashort-pulse ͑5 fs͒ EUV beam at 42 eV was used to monitor changes in the valence-band structure of the Pt/O 2 complex. This enabled us to observe subpicosecond time-scale changes in the chemical bond character on a surface, and to observe the molecular dynamics over an extended period (ϳ10 ps) from start to the finish of the reaction.
In this paper, we use time-resolved extreme ultraviolet photoemission spectroscopy ͑TR-UPS͒ to follow simultanously different steps of a surface chemical reaction. We monitor the time evolution of the hot, nonequilibrium, electron distribution after excitation by an ultrashort optical excitation pulse. In addition, changes in the valence band of the O 2 /Pt(111) are observed, indicating a reversible adsorbate state transition driven by an electron transfer from the surface to the adsorbate. Simple models are also used to predict the electron and phonon temperatures as a function of time. We find that the hot, nonequilibrium, electron distribution thermalizes before there is any change in the characteristic photoemission spectrum of the O 2 /Pt complex, i.e., before there is time for the bond or local environment of the O 2 to change as a result of the charge transfer. Figure 1 shows a schematic diagram of our experimental setup. A platinum ͑111͒ single crystal is mounted inside an ultrahigh vacuum ͑UHV͒ chamber with a base pressure of less than 1ϫ10 Ϫ10 torr. The sample is spot welded onto tantalum wires and attached to a manipulator with temperature control capability. The sample is frequently cleaned by standard platinum surface cleaning procedures: 800-eV argon ion sputtering for 10 min, 650°C oxygen annealing treatment for 10 min, and subsequent annealing of the platinum crystal to 1000°C for one min at a background pressure below 10 Ϫ9 torr. The UHV chamber is also equipped with LEED ͑low-energy electron diffraction͒ and AES ͑auger electron spectroscopy͒ probes, and a TDS ͑thermal desorption spectroscopy͒ analyzer; the surface condition can thus be easily monitored. The femtosecond pulses are generated by an amplified Ti:sapphire laser system that generates 1.5-mJ pulses with a duration of less than 22 fs, and at a repetition rate of 2 kHz. The laser beam is first split using a beam splitter to generate the pump and probe beams. The relative time delay between these beams is adjusted using a computer-controlled translation stage. The 800-nm pump beam, broadened to 55 fs due to dispersion in the beam splitter and other optics, is gently focused onto the sample at 45°at an absorbed fluence of up to 4 mJ/cm 2 (p polarized͒. The fluence is adjustable using a half wave plate and a polarizer. The absorbed fluence is calculated from the incident fluence at the sample and values of the dielectric function of Pt from the literature. 18 The 800-nm probe beam is upconverted to EUV light using phased matched high harmonic generation in a hollow fiber. This process generates a coherent, low-divergence, EUV beam, consisting of three to five harmonics (ϭorders [25] [26] [27] [28] [29] [30] [31] , and with a pulse duration of less than 10 fs. Details of the fiber cell can be found in Ref. 16 . A set of two multilayer mirrors are installed after the exit of the fiber at normal incidence. The wavelength selectivity of the multilayer mirror serves to select only a single harmonic order ͑27th at 42 eV͒ to excite the Pt sample. The polarization can be selected as p or s, depending on the polarization of the driving IR pulses. The resultant reflectivity curve for the multilayer mirror pair is shown in Fig. 2 . Because the total thickness in reflection of the multilayer mirror stack is only 320 nm/mirror ͑corresponding to ϳ2 fs round trip͒, and because simple quarter-wave multilayer mirror optics generally do not result in pulse broadening, the reflected EUV pulse will not be temporally broadened. Thus, in contrast to systems that use a diffraction grating, 19 this setup allows selection of a single harmonic order without temporal broadening. In addition, the second curved multilayer mirror is used to focus the EUV beam to a spot size of 400 m on the Pt sample. An aluminum filter (0.2 m thick͒ between the sample and the multilayer mirror pair blocks the infrared beam while transmitting the EUV beam. The total dispersive broadening induced by aluminum filter and the multilayer mirrors is estimated to be less than 1 fs. The small relative angle (Ͻ1°) of incidence between the pump and probe beams limits the geometrical degradation in time to below 2 fs. The kinetic energy of the photoemitted electrons is measured using a time-of-flight ͑TOF͒ detector with a 60-cm tube length and 40-mm-diameter active area. The solid angle at collection is 10 Ϫ2 steradians. The detector energy resolution is limited by the 0.8-ns ''delta-function'' time response of the data acquisition system, determined from the width of the ''time zero'' peak that results from EUV light scattered from the surface. The resolution can be estimated by the temporal width of the EUV photons scattered from the surface, which results in a 0.3-ns-wide FWHM peak.
II. EXPERIMENTAL SETUP
To find the temporal and spatial overlap between the pump and probe beams, a phosphor screen and a second harmonic crystal ͑SHG͒ are mounted beneath the sample and can be placed in the beam by repositioning the manipulator. The phosphor screen allows us to observe an image of the EUV beam using a charge-coupled device ͑CCD͒ camera, and to overlap the pump and probe beams spatially. To find the temporal overlap, a second harmonic crystal is moved to the same position as the sample. The infrared 800-nm light used to generate the EUV beam is allowed into the UHV chamber by replacing the Al filter with a thin (355 m) sapphire window. By performing a cross correlation between the pump and probe beams, the time zero for the experiment can be accurately identified, as shown in Fig. 3͑a͒ . The 934-fs extra time delay induced by the sapphire window on the probe beam can be corrected by moving the translation stage on the pump beam. The full width at half maximum ͑FWHM͒ of the second harmonic signal is 62 fs. The 62-fs resolution represents an upper limit for the resolution, given that the EUV pulse duration is shorter than that of the driving laser and should be р10 fs.
III. EXPERIMENTAL RESULTS
Due to its simplicity and relevance to catalytic reactions, the O 2 /Pt(111) system has been investigated both experimentally and theoretically in considerable detail. Five different adsorption states of oxygen on Pt͑111͒ have been reported to date: Molecular oxygen can be found in one physisorbed (Tр30 K) and three different chemisorbed states ͑at Tр145 K). The preferred configuration of chemisorbed O 2 at saturation coverage is in a superoxo state occupying a bridge site (O 2 Ϫ ). At low coverages it is predominantly found in the peroxo configuration (O 2 2Ϫ ) at a threefold hollow site ͓see Fig. 4͑a͔͒ . A third configuration has been identified as result of step site adsorption. At elevated temperatures above 145 K, dissociative adsorption is also observed. [20] [21] [22] [23] [24] [25] Comparing spectra of a clean Pt͑111͒ surface and a Pt͑111͒ surface covered with a saturation layer of molecular oxygen at liquid-nitrogen temperature ͑superoxo oxygen͒, photoemission signal from the Pt d bands of the latter case is strongly reduced due to adsorption of oxygen. At the low-energy side of the valence band, at binding energies, referenced to the Fermi level, of about 6 eV, an oxygenrelated feature appears in the spectra. This feature has been observed previously using synchrotron sources, and has been assigned to the occupied oxygen 1 g * orbitals of the free molecule, 26 in agreement with results from densityfunctional theory calculations. 27, 28 We found that, at the photon energy of 42 eV used, this feature is particularly sensitive to the chemical bond character of the oxygen. Figure 4͑b͒ shows the low-energy part of the valence spectra for different chemical modifications of oxygen on Pt͑111͒. The bottom curve corresponds to the superoxo configuration ͑high coverage͒. By heating the surface to 138 K, a partial desorption of molecular oxygen ͑see Fig. 5͒ increases the occupation of peroxo adsorption sites with respect to the superoxo configuration. 24 The corresponding photoemission spectrum is shown in the middle curve. The top curve shows the characteristic spectrum for the atomic oxygen adsorption state. In qualitative agreement with results by Puglia and co-workers, we observe a change in the spectral shape of the 1 g * orbital between the superoxo and peroxo states, but no significant difference in this energy region between the peroxo oxygen and the atomic oxygen states. The different adsorption states can also be distinguished by means of thermal desorption spectroscopy ͑see Fig. 5͒ . Two distinct desorption peaks can be observed for this system: An intense ␣-O 2 peak at 145 K due to desorption of molecularly bonded oxygen, and a weaker high-temperature ␤-O 2 peak as result of recombinative desorption of atomic oxygen. The very different desorption temperatures mean that the molecular state has a much lower binding energy than the atomic state. The molecular state likely resides in a different adsorption site, and has a different bonding character than the atomic state. Before the TDS heating cycle starts, only molecular oxygen is adsorbed on the surface-the atomic oxygen is solely a result of dissociation of the molecular oxygen. This progresses by means of peroxo excitation; the peroxo oxygen state is therefore sometimes referred to as the ''intermediate'' or ''precusor'' state of dissociated atomic oxygen.
Interaction of intense femtosecond laser pulses with O 2 /Pt(111) has been studied in the past using photodesorption yield measurements. 25, 29 In particular, a nonlinear dependence of desorption yield on intensity was reported. This behavior has been reported for a variety of adsorption systems, and has been proposed to be the result of a direct coupling between the excited hot-electron gas and the oxygen molecules, without involvment of the substrate lattice ͑phonons͒. 5 This work has also identified another nonspecific reaction channel for the adsorbed oxygen, resulting in a configuration that hinders re-adsorbtion of oxygen back onto the platinum surface. 30 Therefore subsequent laser-induced desorption and deposition cycles result in a decreasing desorption yield. Figure 6 shows femtosecond-induced desorption yield traces for two subsequent cycles. This observation indicates that a surface modification other than depletion takes place, resulting in a diminished number of free adsorption sites in subsequent cycles. For the present time-resolved ͑pump-probe͒ photoemission experiments, it is necessary to quench both of these ͑obviously nonreversible͒ processes. In all cases for our experiment, we used a low (1 mJ/cm 2 ) pump fluence to keep desorption negligible. From extrapolation from reference data 29 we estimate that at this fluence, significant desorption requires more than an hour. However, as will be shown later, on longer time scales a permanent modification of the sample state ͑either through depletion, or by means of another reaction channel͒ is observed in our spectra.
For the time-resolved pump probe photoemission experiment, a saturation layer of molecular oxygen was adsorbed onto the Pt surface at liquid-nitrogen temperature. Photo- emission spectra at different temporal delays between the excitation ͑pump͒ pulse and the UV probe pulse were then taken. We observe significant changes in the spectrum as function of temporal delay between pump and probe in two different energy regions: at the Fermi edge, and at a binding energy of 6 eV where the oxygen-induced feature (1 g *) appears. Figure 7 shows the transient modifications at the Fermi edge observed at different delays. At time zero ͑i.e., when pump and probe arrive temporally coincident at the surface͒ the shape of the Fermi edge is modified by a ''step'' at energies above the Fermi edge with a width of about 1.5 eV, corresponding to the energy of the exciting photons. Some evidence of this feature is still visible at 150 fs delay. Within another 100 fs, 250 fs after the pump, this nonthermal contribution has completely disappeared. At longer delays, no further changes in this energy region can be observed. The experimental distribution at time zero is best reproduced by an excitation level of about 6% ͑at a photon energy of 1.5 eV͒. Referring to the solid curve in inset of Fig. 7 , the solid line is the calculated distribution for this case, convolved with the detector resolution of 370 meV. For reference, a spectra taken without the pump beam ͑ground-state distribution͒ is fit to a Fermi-Dirac distribution at 100 K, also convolved with the detector resolution. Figure 8 shows a pump probe scan of the low-energy part of the valence-band spectra. For reference, a photoelectron spectrum without pump beam present was taken initially, as shown in Fig. 8͑a͒ . The shoulder corresponds again to the superoxo oxygen 1 g * level at 6 eV binding energy as described above. Figure 8͑b͒ shows the spectrum obtained with the probe coincident in time with the pump beam ͑i.e., time zero͒. In contrast to the Fermi edge, where at zero time delay the most obvious change compared to the ground state was observed, no significant changes are visible compared to the static spectrum. However, 250 fs later-well after the 55-fs pump pulse has been absorbed and the nonthermal distribution at the Fermi edge has disappeared-a new peak has appeared. This peak is even stronger at a pump-probe delay of 500 fs, and persists for several ps. Since our experimental approach involves sequential pump-probe scans, we confirmed that this feature is not due to a permanent change of the sample, by taking a spectrum at zero time delay immediately after the 500-fs scan. This spectrum is identical to spectra ͑a͒ and ͑b͒. Thus, in this experiment, the observed changes are reversible, indicating that a transient modification of the adsorbate bonding is monitored in this experiment. From more detailed scans we are able to extract characteristic population and relaxation rates of this transient ͑metastable͒ excited adsorbate state. Figure 8͑f͒ shows a plot of the integrated strength of this transient peak, as a function of time delay. The observed peak has an exponential onset of 550Ϯ140 fs, and decays within about 5 ps.
In addition to this reversible change in the valence-band structure, over time scales of hours we also observe a longterm nonreversible change of the surface state induced by the IR-pump pulse. Figure 9 shows a series of spectra taken during a period of 2 h of irradiation by the IR pump pulse. During the first hour of IR irradiation following dosing of the Pt by oxygen, no significant changes in the spectrum are observed. However, further IR-irradiation alters the shape of the 6-eV feature into a peaklike structure, as observed before 111), for time delays of 0, 150, and 250 fs, and 2 ps. Nonequilibrium hot electrons can be seen at 0 and 150 fs, however, at 250 fs, the energy distribution has thermalized. Inset: Fermi edges at 0 fs time delay ͑black square͒ and static spectrum without pump pulses excitation ͑hollow square͒, plotted in log scale. The electron distribution at 0 fs time delay can be fit to a 100-K Fermi-Dirac distribution with 6% of the electrons excited by the pump photon energy ͑1.5 eV͒.
for the atomic and peroxo state of oxygen as well as in the transient state spectra. On longer time scales this feature in the photoelectron spectrum seems to represent the stabilized configuration of the surface, and does not alter with further IR irradiation.
IV. DISCUSSION
The progression of the surface chemical reaction induced by the intense pump pulse is as follows: ͑i͒ creation of a nonthermal electron distribution in the substrate due to absorption of the ultrashort laser pulse, ͑ii͒ internal thermalization of the excited electron gas, and adsorbate excitation due to electron-mediated energy transfer, ͑iii͒ a modification of the chemical bonding character, resulting in adsorbate motion, ͑iv͒ thermalization between the electron gas and the phonon gas, and ͑v͒ traditional ''phonon induced'' chemical surface reaction due to elevated lattice temperature that happens in a much longer time scale. We relate the transient modifications of the photoelectron spectra observed in our experiment to processes corresponding to steps ͑i͒ and ͑iii͒. Knowledge of the absorbed fluence as well as the measured excitation rate of the electron gas allows us to reconstruct step ͑ii͒ as well as step ͑iv͒. Our analysis is discussed in detail as follows.
Due to the low optical density of the adsorbate layer, the energy of the incident laser pulse is absorbed entirely in the free-electron gas of the Pt͑111͒. On femtosecond time scales, this results in an extremely nonthermal distribution of the electron gas, as is observed at time-zero as a step at the Fermi edge. The absorbed fluence of 1 mJ/cm 2 results in an excitation of about 6% of the electrons at the surface. The 42-eV probe pulse photons eject electrons from the top 5 Å of the platinum. 31 Comparable excitation levels have been reported for heating a 300 Å thick gold film and a Pt͑110͒-oriented surface. 32, 33 The detected nonthermal character of the electron distribution disappears within the first 250 fs, in agreement with the results for Pt͑110͒. In contrast, significantly longer lifetimes of the nonthermal contribution ͑up to 400 fs͒ have been reported for gold. This difference can be related to a much slower electron thermalization process in noble metals in comparison to transition metals, due to a reduced electron-electron scattering rate at the relevant energies. 34, 35 It is a direct consequence of the reduced density of electron states at the Fermi edge for noble metals.
Knowledge of the absorbed fluence allows us to calculate the time evolution of the electron and lattice temperatures. Due to its low heat capacity, the electron gas is heated quite efficiently by the laser pulse. Although the nonthermal character of the electron distribution immediately after excitation does not allow us to assign a simple temperature to the system, the calculated electron energy distribution is a useful indicator of the actual excitation state. Thermalization of the electron distribution occurs in ϳ250 fs, followed by subsequent cool-down of the electron gas due to coupling to the lattice ͑electron-phonon coupling͒ and thermal conduction into the bulk. The electron-phonon effective collision time is actually of the same order as the electron-electron scattering time; however, it is quite inefficient with respect to collisional energy exchange ͑of the order of typical phonon energies, some tens of meV͒. Thus excitation of the lattice occurs on much longer time scales than the electron dynamics. In addition, the higher heat capacity of the lattice limits the maximum lattice temperature to much lower temperatures. The interaction of laser, electron gas, and lattice ͑phonon gas͒ can be modeled using a set of coupled equations that determine the electron (T e ) and lattice (T p ) temperatures as a function of time, 36 FIG. 8. Time-resolved high-resolution photoemission spectra from a saturation layer of molecular oxygen adsorbed on a Pt͑111͒ surface at liquid-nitrogen temperature: ͑a͒ no pump beam; ͑b͒ with pump beam, zero delay between pump and probe; ͑c͒ 250 fs delay between pump and probe; ͑d͒ 500 fs delay; ͑e͒ repeat of ͑b͒, taken immediately after ͑d͒; ͑f͒ integrated amplitude of the characteristic 6-eV peak feature as a function of pump-probe delay. A fit to the data indicates an onset time of 550Ϯ140 fs ͑from Ref. 17͒. FIG. 9 . Spectra taken during pump beam irradiation of the sample over a period of 2 h. During the first ϭ50 min, the spectra are unchanged. However, after ϭ100 min the characteristic 6-eV peak gradually increases and is permanently present on the sample.
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where C e ϭ␥T e and C p are the electron and lattice heat capacities, respectively. ϭ 0 (T e /T p ) is the thermal conductivity and g is the electron-phonon coupling constant. The term F is used to describe the femtosecond pump pulse in the form of
where I 0 is the absorbed laser peak intensity, is the optical penetration depth, and is the pump pulse width. All the parameters used in this simulation are listed in Table I For a platinum surface excited by a 1-mJ/cm 2 laser fluence, we predict a peak electron temperature of 1082 K, 35 fs after time zero ͓immediately after the laser pulse ͑55 fs͒ has ended͔ ͓Fig. 10͑a͔͒. The same value for the maximum temperature ͑about 1000 K͒ can be calculated from the measured excitation of the electron gas of 6%. 37 In contrast, the calculated maximum temperature of the lattice, 174 K, is reached 1.2 ps after excitation. At this point, the electron and lattice temperatures are equilibrated. Figure 10͑a͒ shows that at long delays, the lattice temperature is higher than the electron temperature. This is because only electron heat diffusion is considered in Eq. ͑1͒, due to the fact that lattice heat diffusion is much slower than electron heat diffusion. At this point, the surface temperature is still much higher than the bulk temperature, so that the electrons keep diffusing energy into the bulk while the lattice only gives up energy to the electrons. True equilibrium happens at very long delays, when the surface and bulk temperatures are similar. Note that a change in the slope of the Fermi-dirac distribution in the experimental data, which would reflect the heating of the electron gas, is not visible. In contrast to the transient nonthermal distribution, which clearly shows up in our experiment, the energy resolution of our detector, together with the limited statistics of the measurement does not as yet allow us to observe these thermal effects. Figure 10͑b͒ compares the integrated intensity of the characteristic peroxo peak to the electron and lattice temperature. The oxygen peak is delayed about 1 ps with respect to the time when the peak electron temperature is reached; thus, the electrons have largely cooled before the oxygen peak relaxes. On the other hand, the lattice temperature has a rise time similar to the oxygen peak, but the lattice temperature cools on very long time scales compared with the relaxation time of the oxygen peak. If the observed oxygen transient were driven primarily by lattice excitation, the relaxation time of the oxygen peak would be much longer than observed-comparable to the lattice relaxation time. Furthermore, a finite time delay between the maximum oxygen peak and the time of the peak lattice temperature would probably also be expected, given the finite coupling time of excitation into the adsorbates. Therefore the hot electrons are likely to be directly driving the changes in the oxygen configuration, while they are simultaneously losing energy to the lattice.
It is useful to compare the time scales of the different thermalization processes with the appearance of the transient changes in the 1 g * orbital of the oxygen. These changes reflect a transient change of the chemical state of the molecule resulting from coupling to the excited electron gas. The lifetime of this state significantly exceeds the cooldown time of the hot-electron gas, by 5 ps the electron gas has cooled and transferred its energy to the lattice. Furthermore, it is noteworthy that the 1 g * orbital is quite important with re- 2 , 55-fs, pump pulse excitation. The measured nonthermal electron distribution and the integrated intensity of the peroxo signature peak are also shown for comparison. ͑b͒ Integrated intensity of the peroxo signature peak compared to the rescaled electron and lattice temperature.
spect to the interaction between molecular oxygen and the platinum surface: On the one hand it is antibonding with respect to the intramolecular O-O bond; on the other hand hybridization of this state with platinum d states results in an effective bond between the Pt surface and oxygen. Spectral changes thus reflect changes in the oxygen bond length as well as the molecule surface interaction. This is exactly what we observe for the static spectra when comparing different chemical states of the oxygen. Transformation from the superoxo into the peroxo state of oxygen accompanies occupation of the 1 g * orbital parallel to the surface. This results in an increased bond strength between peroxo oxygen and platinum surface, at the expense of the oxygen-oxygen bond strength.
The similarity of the static spectra for peroxo oxygen ͓Fig. 4͑b͔͒ and dissociated oxygen with our transient spectra from pump probe scans ͑Fig. 8͒ reveal two possibilities for the nature of the metastable oxygen state. It is either due to a transition of the excited superoxo (O 2 Ϫ ) into a transient ͑highly excited͒ dissociation state, or more likely a transition into an ͑excited͒ peroxo (O 2 2Ϫ ) state. These two possible processes are related-as the O-O bond in peroxo (O 2 2Ϫ ) oxygen is weakened it is referred to as a precursor state for dissociation. 22, 38 We exclude the possibility that the transient state reflects desorption of molecular oxygen. A ''reversible'' replenished desorption is not possible: because significant refilling of the depleted oxygen sites within 1 ms ͑the repetition rate of the experiment͒ is negligible given the ambient pressure of 10 Ϫ10 torr. Experiments at higher fluences, where the surface is completely depleted by the laser pulse, show that diffusion on the surface from areas surrounding the laser spot does not occur.
A quantitative comparison of the peak height observed in the transient spectrum compared with the static spectrum for atomic oxygen can provide an estimate on the actual excitation rate of the oxygen molecules. Since the atomic oxygen layer on the Pt surface for both the TDS and the static UPS spectrum are prepared by temperature ͑photonic͒ heating, the oxygen coverage for both cases should be the same. Therefore, by comparing the signature peak intensity ratio of the peroxo transient spectrum and the atomic static spectrum, we can estimate the peroxo oxygen excitation rate. From the integrated peak intensities of our TDS spectra we find that 25% of the molecules of the original molecular saturation layer are dissociated. The peak intensities ratio for the peroxo transient spectrum and the atomic state spectrum is about 70%. Therefore we estimate the peroxo oxygen excitation rate is about 18%. At first glance this seems to be surprisingly high; however, even higher excitation rates of molecules due to femtosecond induced excitations have been reported before. For O 2 /Pt(111), for example, complete depletion of the surface by a single intense laser pulse has been reported 29 ͑there the fluence was several orders of magnitude higher than in our experiment͒.
The excitation mechanism of the adsorbate itself, the coupling of the excited electron gas and the adsorbate, can be described on a microscopic scale by means of direct electron ͑hole͒ transfer processes between the excited electron gas into the lowest unoccupied molecular orbital ͑LUMO͒ ͓high-est occupied molecular orbital ͑HOMO͔͒ states of the adsorbate. A schematic of the expected molecular orbitals of superoxo and peroxo oxygen is shown in Fig. 11 . 29, 39 To account for femtosecond laser induced desorption processes on O 2 /Pt(111), it has been proposed that the substrate electrons couple to the unoccupied 3 u * level. 30 Furthermore, for O 2 /Pd(111) hole transfer into the occupied part of the 1 g * level has been suggested to be important. 40 In the present case, where a transformation from the superoxo into a peroxo state is the most likely mechanism, we propose an electron transfer from the platinum substate to the unoccupied 1 g * orbital of the superoxo state, which is oriented parallel to the surface. There are two justifications: ͑i͒ changes in the occupation of this level involve a charge transfer into the respective orbital from the substrate to the adsorbate, corresponding to the different charge states of the two adsorption species; 22 and ͑ii͒ in the superoxo state, the ʈ orbital is only half filled and is therefore located at the Fermi level. This location would account for the observed high excitation probability, since the excited electron density in the substrate is highest at the Fermi level. Note, for example, that the 3 u * level of the oxygen lies ϳϾ1 eV higher in energy, so that to efficiently populate this level, much higher electron temperatures and laser intensities are required. 41 From this discussion, it is clear that the electronic excitation rate is highest for maximum substrate electron temperature, just a few tens of femtoseconds after the arrival of the pump pulse, and that it decreases as the electron gas cools. Therefore we conclude that the temporal delay of the transient adsorbate peak of about 500 fs with respect to time zero and the maximum in electron temperature, respectively, does not reflect the electronic excitation of the oxygen. It must arise from the change in chemical state accompanied by motion of the molecule itself. The local minimas ͑adsorption sites͒ of the corresponding potential energy surfaces for superoxo and peroxo oxygen define the general direction of this motion, from the bridge site to the hollow site ͓see Fig.  4͑a͔͒ . As discussed above, this involves a change in orientation ͑rotation͒ and bond length ͑vibration͒ within the mol- FIG. 11 . The electron gas is rapidly heated up due to ultrafast pump pulse excitation. Due to an increased population above the Fermi level, electrons tunnel to the ʈ bond of the oxygen molecule.
ecule. The rise time of the signal can therefore be related to an effective coupling time e between the substrate electron gas and nuclear ͑not electronic͒ degrees of freedom, as typically introduced using a phenomenological frictional model for the description of substrate-adsorbate interaction. 42 Typical values of the coupling time e for direct energy exchange between the electron gas and the adsorbate lie in the range of a few 100 fs to several ps, 9, 43, 44 in agreement with our observations.
The decay of the signal from the 1 g * level over several picoseconds can be interpreted as the actual lifetime of the metastable intermediate oxygen state. In case of a peroxo oxygen modification, this decay can occur via back charge transfer to the platinum substrate and/or energy exchange ͑thermalization͒ with elecron gas and lattice. However, although decay back into the original ground state must be dominant under the present conditions, it is most likely not the only possible reaction channel. Different decays are also present in case of thermal excitation ͑see TDS͒, and have been observed previously for femtosecond laser excitation. 9, 43, 44 In these decay channels, the excited oxygen state has to be viewed as precursor to the new final state that was observed in real time by means of photoemission spectroscopy in our experiment. The permanent changes in the spectra over 1-2 h likely result from the cumulative effects of the secondary decay. As discussed above, peroxo oxygen tends to be the preferred adsorption site at low surface coverage, with a maximum peroxo-state population for about 0.3 monolayers of oxygen coverage. 21 Thus a possible explanation for the permanent, nontransient change in valence-band structure may be the result of desorption of oxygen over time and the consequent increase of the stable peroxo population. A buildup of atomic oxygen on the surface on long time scales is a second possibility. It is unlikely that surface contamination from other species causes this permanent change, since the chamber is maintained in ultrahigh vacuum during the experiment and the contaminant is not likely to contribute to the 6-eV peak that we observe.
V. CONCLUSION
We have demonstrated the use of ultrafast EUV pulses to directly monitor different steps in a hot-electron driven surface reaction on femtosecond time scales. We have shown that ultrafast charge-transfer processes between a Pt surface and adsorbed molecular oxygen can lead to a reversible chemical transformation on time scales as short as 0.5 ps. By monitoring both the characteristic valence-band photoemission spectrum, as well as the Fermi edge, we have shown that the hot nonequilibrium electron distribution relaxes before any change in bonding between the O 2 and Pt can occur. The lifetime of the observed metastable oxygen modification is of the order of several picoseconds. Ultrafast EUV photoelectron spectroscopy is a powerful technique, complementary to other techniques, for obtaining dynamic and local order information about a surface, on time scales relevant to the making and breaking of bonds in surface reactions.
